ABSTRACT: Poly-ADP-ribose polymerases (PARPs 1−16) have emerged as major regulators of diverse cellular processes. PARPs can be subclassified based on their ability to catalyze poly-ADP-ribosylation (PARylation) or mono-ADP-ribosylation (MARylation). While much is known about the cellular roles of PARPs that catalyze PARylation (e.g., PARP1), the function of PARPs that catalyze MARylation (e.g., PARP10) is substantially less understood. This is due in large part to the lack of small-molecule inhibitors that are selective for individual PARP family members that catalyze MARylation. Herein, we describe the rational design and synthesis of selective inhibitors of PARP10. Using structure-based design, we targeted a hydrophobic subpocket within the nicotinamide-binding site of PARP10. We synthesized a series of small molecules based on a 3,4-dihydroisoquinolin-1(2H)-one (dq, 1) scaffold that contain various substituents at the C-5 and C-6 positions designed to exploit this hydrophobic subpocket. We found a dq analogue (22) that contains a methyl group at the C-5 position and a substituted pyridine at the C-6 position that exhibits >10-fold selectivity for PARP10 over a large subset of other PARP family members. The results of this study will serve as a platform for future small-molecule probe development for PARP10 and other PARP family members that catalyze MARylation. KEYWORDS: PARPs, ADP-ribosylation, MARylation, PARylation, NAD + , Rational design T he poly(ADP-ribose) polymerase (PARP) family of enzymes (17 in humans; also known as ADP-ribosyltransferases or ARTDs) catalyzes the transfer of ADP-ribose (ADPr) onto amino acids of protein substrates from donor nicotinamide adenine dinucleotide (NAD + ) in a process known as ADP-ribosylation. In recent years, PARPs have emerged as major regulators of cellular processes ranging from chromatin modulation, transcription, RNA biology, DNA repair, stress responses, and metabolism.
T he poly(ADP-ribose) polymerase (PARP) family of enzymes (17 in humans; also known as ADP-ribosyltransferases or ARTDs) catalyzes the transfer of ADP-ribose (ADPr) onto amino acids of protein substrates from donor nicotinamide adenine dinucleotide (NAD + ) in a process known as ADP-ribosylation. In recent years, PARPs have emerged as major regulators of cellular processes ranging from chromatin modulation, transcription, RNA biology, DNA repair, stress responses, and metabolism. 1 PARPs can be divided into two subfamilies based on their differences in catalytic activity: those that catalyze poly-ADP-ribosylation (PARylation; PARPs 1, 2, 5a,b) and those that catalyze mono-ADP-ribosylation (MARylation; PARPs 3, 4, 6−8, 10−12, 14− 16). 2 The PARP family can also be further subcategorized based upon on a conserved catalytic triad motif: His-Tyr-Glu/ Φ (where Φ = a hydrophobic residue). 3 While the histidine and tyrosine residues are required for proper orientation of NAD + within the active site, the third residue varies across the PARP family. A glutamate is found in PARPs 1−5a,b (H−Y−E PARPs), while the remaining active PARPs 6−8, 10−12, 14− 16 (H−Y−Φ PARPs) contain a hydrophobic residue (isoleucine, leucine, or tyrosine) at the third position of the triad.
Much progress has been made in understanding the functions of PARPs that catalyze PARylation. This is due in large part to the development of selective inhibitors for members of this subfamily such as PARP1/PARP2 (e.g., veliparib/ABT-888) 4 and the tankyrases (PARPs 5a/5b).
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However, a comprehensive understanding of the functions of the remaining PARPs that catalyze MARylation has been hindered due to the lack of selective inhibitors. 8 Progress in the design of selective inhibitors of both PARP10 and PARP14 is preliminary, as many of the reported inhibitors display modest to no selectivity, or the full PARP family selectivity profile has not been analyzed. 9−14 The PARP field would benefit greatly from a toolbox of selective inhibitors targeting specific members of PARPs that catalyze MARylation. PARP10 (ARTD10) is a member of the subfamily of PARPs that catalyze MARylation and has been implicated in various biological pathways involving DNA repair and inflammation, 15 ,16 yet a connection of PARP catalytic activity to the regulation of these pathways is still not clear. A selective smallmolecule inhibitor of PARP10 would facilitate detailed mechanistic studies of PARP10-mediated biology and, furthermore, validate PARP10 as a therapeutic target for diseases such as cancer. 17−20 A recent study described a small-molecule chemical probe known as OUL35 (Figure 1a) as a potent and selective inhibitor of PARP10, exhibiting >12-fold selectivity over other PARP family members examined. 12 Of the PARPs tested in the study, OUL35 was not assayed against PARP11. We therefore profiled OUL35 against full-length PARP11 and the catalytic domain of PARP10 (PARP10 cat ) using a 96-well plate assay that monitors MARylation of the promiscuous PARP substrate SRSF protein kinase 2 (SRPK2) 21, 22 using NAD + at 100 μM (MARylation is detected using an ADP-ribose binding reagent; see Supporting Information (SI)). 23 In our hands, OUL35 exhibited less than 2-fold selectivity for PARP10 over PARP11 (Table 1 ). This result motivated us to develop a smallmolecule inhibitor of PARP10 that exhibits greater selectivity across the PARP family. A selective inhibitor of PARP10 would enable mechanistic studies into PARP10-mediated MARylation without confounding results from inhibition of other PARP family members.
The 3,4-dihydroisoquinolin-1(2H)-one (dq, 1; Figure 1a ) scaffold has been used for the development of inhibitors of PARP1. 24, 25 We showed previously that 1 can be modified to inhibit PARP10 using a chemical genetics strategy 26 and reasoned that 1 would be a good starting point for optimizing an inhibitor with increased selectivity for PARP10 over PARP11. We analyzed the structure of PARP10 overlaid with the cocrystal structure of PARP1 and 5-methyl-dq (3) and hypothesized that substituents at the C-5 and C-6 positions of the dq scaffold could interact with a hydrophobic pocket in PARP10 formed by Ile987 and D-loop amino acids: Tyr914, Val913, and Ala911 (Figure 1b) . Given that the Dloop is highly variable across the PARP family, 27 we proposed that targeting this region for inhibitor development could impart selectivity for PARP10 over PARP11 and perhaps other PARP family members. We synthesized a series of dq compounds substituted at both the C-5 and C-6 positions for structure−activity relationship (SAR) studies (Scheme 1 and SI). The synthesis of the dq scaffold was conducted using either a Schmidt reaction of substituted 1-indanones a−c or an acid-catalyzed cyclization of carbamoyl salicylates of substituted phenethylamines d or 27.
28 To introduce aryl modifications on the dq scaffold, a Suzuki reaction of bromo-modified dq compounds 2, 5, or 25 was performed using the corresponding aryltrifluoroborate or arylboronic acid species.
The dq analogues were initially screened against PARP10 cat and PARP11 using the plate assay described above. Unsubstituted 1 is 9-fold more selective for PARP11 than PARP10 (IC 50 = 8 μM versus 70 μM) ( Table 1 ). Substitutions at the C-5 position of 1 increased potency for both PARP10 and PARP11, yet selectivity for PARP11 was still retained. Compound 4 with a phenyl group at the C-5 position was the most potent (1.2 μM) and selective (30-fold) for PARP11 among the set of compounds tested. When compared to unsubstituted 1, C-6-position modifications increased potency for PARP10 but had no effect or decreased potency for PARP11. In particular, the addition of a phenyl group at the C-6 position (compound 8) increased potency for PARP10 (28-fold) compared to 1. Compound 8 was also 4-fold more selective for PARP10 over PARP11, highlighting 8 as a starting point to further increase selectivity for PARP10.
We proposed that modifications on the phenyl ring of 8 might further increase the selectivity for PARP10 over PARP11. We began by introducing small substituents at the ortho-, meta-, or para-position. Substituents at the paraposition of the phenyl ring had little effect on the potency of the compounds for both PARP10 and PARP11, while substituents at the ortho-position greatly reduced potency compared to 8 (data not shown). However, modifications at the meta-position of the phenyl ring had modest increases in potency for both PARP10 and PARP11 compared to 8 (Table  1) , with the exception of the trifluoromethyl-modified 12, which showed a 2-fold decrease in potency for PARP11 compared to 8. Compound 12, in turn, exhibited the greatest selectivity for PARP10 over PARP11 (8-fold), a 2-fold improvement from parent 8. We sought to further increase this observed selectivity for PARP10 over PARP11.
We hypothesized that combining the most promising modifications at the C-5 and C-6 positions of the dq scaffold could have a synergistic effect on increasing both potency and selectivity for PARP10. Compound 3, with a methyl group at the C-5 position, resulted in an 8-fold increase in potency for PARP10 compared to unsubstituted 1 (8.6 vs 70 μM) ( Table  1) . Compound 14, with a methyl and phenyl group at the C-5 and C-6 positions, respectively, resulted in a further 5-fold increase in potency for PARP10 compared to 3 (1.6 vs 8.6 μM) ( Table 1) . To our surprise, the selectivity of 14 for PARP10 over PARP11 (17-fold) compared to the selectivity of 3 for PARP10 over PARP11 (0.24-fold) is improved 70-fold by the combination of both the 5-methyl and 6-phenyl modifications in 14. Compound 14 exhibited increased potency and selectivity for PARP10 over PARP11 compared to 3; however, we encountered aqueous solubility issues at higher concentrations when assaying 14. We sought modifications at the C-6 position that could maintain the increased selectivity observed with 14 while mitigating any solubility issues.
We therefore synthesized compounds with heterocyclic modifications at the C-6 position for increasing aqueous solubility. In addition to the various heterocyclic modifications at the C-6 position, these compounds also contain a methyl group at the C-5 position. We found that compounds containing a pyridin-3-yl (15), a pyridin-4-yl (16), or a 1H-pyrrolo[2,3-b]pyridin-5-yl (18) modification at the C-6 position exhibited a similar PARP11/PARP10 selectivity ratio as 14 (12-, 15-, and 17-fold, respectively, versus 17-fold) ( Table 1) . Both 1H-indol-5-yl (17) and quinolin-3-yl (19) modifications at the C-6 position resulted in decreased selectivity compared to 14 (4-and 8-fold vs 17-fold) ( Table  1) . Compounds 15 and 16 with pyridinyl modifications at the C-6 position exhibited increased solubility compared to 14 and were taken forward for further optimization.
We first focused our attention on generating a set of compounds based on 16 with halogen modifications at the meta-position of the pyridinyl ring given our results from Table  1 . We introduced fluoro, chloro, or trifluoromethyl groups at the 2-position of the pyridin-4-yl substituent. Overall, the Table 2) . A chloro substitutent (21) retained similar selectivity for PARP10 over PARP11 (Table 2) . Similar selectivity trends were observed for 23 (−F) and 24 (−CF 3 ) containing the pyridin-3-yl group, increasing selectivity >2-fold for PARP10 over PARP11 compared to 15 (25-or 34-fold vs 12-fold) ( Table 2 ). Compound 24 exhibited the greatest selectivity overall for PARP10 over PARP11 (34-fold); however, compound 22 was slightly more potent for PARP10 overall (1.8 vs 2.7 μM).
We have shown that 22 is 29-fold more selective for PARP10 cat over PARP11 (Table 2) . We next wanted to determine the selectivity profile for 22 against all other active PARP family members. We screened 22 against PARP family members in a plate assay that measures MARylation of SRPK2 using an N 6 -alkyne tagged NAD + (6-a-NAD + ), a clickable NAD + analogue (Table 3) . 29, 30 Compound 22 did not inhibit H−Y−E PARPs (PARPs 1−4, 5b) up to 100 μM, exhibiting >37-fold selectivity for PARP10 (Table 3 and SI, Figure 1a) . The observed selectivity is most likely due to differences in the last position of the H−Y−E catalytic triad of these PARPs versus the H−Y−I triad found in PARP10. 3 The glutamate (E988 in PARP1) in PARPs 1−4 and PARP5b most likely clashes with the pyridiny-4-yl group at the 6-position of 22. PARP10 contains an isoleucine (I978) at this position that could potentially form hydrophobic interactions with this group (Figure 1b) .
Compound 22 is >20-fold selective for PARP10 cat compared to H−Y−Φ PARPs PARP11, 14, 15 (Table 3 and SI, Figure  1b) . Compound 22 exhibits a 7-fold selectivity for PARP10 over PARP7 (IC 50 = 19.1 vs 2.7 μM) ( Table 3 and SI, Figure  1b ). Compound 22 is 2.5-fold more potent for PARP10 compared to PARP16 (IC 50 = 6.7 vs 2.7 μM) ( Table 3 and SI, Figure 1b) .
Some family members (PARP6, PARP8, and PARP12) are most active when expressed in mammalian cells and were assayed against 22 using an immunoprecipitation (IP)-autoMARylation assay 2,26 using 6-a-NAD + . Using this assay, a dosedependent inhibition of PARP10 is observed (∼80% inhibition at 30 μM), whereas H−Y−Φ PARPs PARP6 (short and long isoforms), PARP8, and PARP12 are not inhibited by 22 up to 30 μM (Table 3 and SI, Figure 1c ). Taken together, these experiments demonstrate that 22 is >37-fold selective for PARP10 against the H−Y−E subfamily of PARPs and >10-fold selective for PARP10 against the H−Y−Φ subfamily of PARPs with the exception of PARP7 (7-fold selective) and PARP16 (2.5-fold selective).
We next determined if 22 could inhibit PARP10-dependent auto-MARylation in cells. PARP10 is one of the better characterized H−Y−Φ PARPs and is known to exhibit robust auto-MARylation in cells. 22, 26 Human embryonic kidney (HEK) 293T cells expressing full-length PARP10 were treated with increasing concentrations of 22 (1−100 μM). AutoMARylation of PARP10 was monitored by Western blot using an ADP-ribose binding reagent. 23 We found that 22 inhibited auto-MARylation of PARP10 in addition to PARP10-mediated MARylation of high molecular weight (HMW) targets in a dose-dependent manner (Figure 2a) . The EC 50 value varies depending on the species quantified. The EC 50 for inhibition of PARP10-mediated MARylation of HMW targets by 22 was lower compared to inhibition of auto-MARylation of PARP10 itself (2.3 vs 11 μM) (Figure 2b ), which could be due to the relative stoichiometry differences between the levels of endogenous PARP10 targets and overexpressed PARP10. Both EC 50 values are in agreement with the in vitro calculated This study provides key insight into the development of selective inhibitors targeting the H−Y−Φ PARP subfamily of PARPs. On the basis of previous studies, we aimed to develop an inhibitor for PARP10 with increased selectivity over PARP11. SAR studies using the dq scaffold revealed that combined C-5-and C-6-position modifications provided increased selectivity for PARP10 over PARP11. Compound 22, containing a 5-methyl and a 6-(2-trifluoromethyl-pyridin-4-yl) modification, was both potent (1.8 μM) and selective (29-fold) for PARP10 over PARP11. When screened against other PARP family members, 22 was >10-fold selective for PARP10 over most members of the PARP family. When tested in cells, 22 inhibited both auto-MARylation of PARP10 and MARylation of endogenous PARP10 targets.
A major hurdle in the PARP field is the design of selective inhibitors for individual PARP family members. While selectivity of PARP10 over PARP11 was obtained with 22, the selectivity of 22 for PARP10 over both PARP7 and PARP16 was <10-fold. Future studies will be focused on obtaining structural information on 22 and other dq compounds in complex with PARP10 and other PARP family members to rationalize selectivity differences and guide future inhibitor optimization. Compound 22 will be a useful probe to study PARP10 biology when combined with other PARP10-selective probes with different selectivity profiles (e.g., OUL35 and its derivatives 31 ) to rule out potential off-target inhibition of other PARP family members. This study was designed by R.K.M. and M.S.C. R.K.M. synthesized the compounds and performed most of the experiments described in the manuscript. I.T.K. and A.V.-S. screened compound 22 across the PARP family. K.R. synthesized 6-a-NAD + used in these studies. The manuscript was written by R.K.M. and M.S.C. All authors have given approval to the final version of the manuscript.
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